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Abstract 
The deformation and stacking of graphene significantly affect the overall electronic and mechanical properties. The 
graphene sheets are easily stacked each other due to van der Waals attraction. The folded characteristic may prevent 
graphene stacking and increase the d-spacing between graphenes. It can easily form dense graphene structures with 
high surface area and be applied on electrode materials of battery, nano-composites and so on. The traditional 
topographic mapping of atomic force microscope (AFM) is hard to measure the characters of surface deformation and 
distinguish the folding and stacking. In this study, we apply a novel quantitative nano-mechanical AFM to analyze 
the reduced-graphene oxide (r-GO). The results indicate that the novel AFM system could recognize the difference 
between folding and stacking of r-GO effectively. Nevertheless, the images including topography, deformation, 
adhesion, and elastic modulus show the different phenomena between measuring region, which appears that status on 
measuring region are folding and stacking, respectively. 
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1. Introduction 
Graphene is a rapidly rising star on the horizon of materials science and condensed-matter physics [1]. 
It is an allotrope of carbon element, whose structure is one-atom-thick (or a few layers thick) monolayer 
of hexagonally arranged carbon atoms and is a quasi-two-dimensional (2D) material [2]. Within the plane 
of atoms there are ı-bonds formed from sp2 hybrid orbital between the carbon atoms, as well as ʌ-bonds 
formed from pz orbital extending out of the plane. Due to conformation, it is distinctly different from 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
572   Jen-You Chu et al. /  Procedia Engineering  36 ( 2012 )  571 – 577 
carbon nanotubes (CNTs) and fullerenes, and exhibits unique properties which have fascinated the 
scientific community [3]. 
Graphene has been attracting great interest because of its distinctive band structure and physical 
properties. The remarkable physical properties of graphene involved high Young’s Modulus (~1,100 
GPa), fracture strength (~125 GPa), thermal conductivity (~5,000 W/m·K), mobility of charge carriers 
(200,000 cm2/V·s) and specific surface area (2,630 m2/g). Graphene and its composites are promising 
candidates in many applications, such as nano-electronics, optoelectronic devices, energy-storage systems, 
field-effect transistor, thermal management and sensors [4, 5].  
The folded characteristic may prevent stacking phenomena of graphenes and increase the d-spacing 
between graphenes. It can easily form dense graphene structures with high surface area and be applied on 
electrode materials of battery, nano-composites and so on. The graphene sheets are easily stacked each 
other due to van der Waals (vdW) attraction [6]. For preventing the graphene from stacking with each 
other, it was usually synthesized in wrinking geometry to prevent stacking, or the stacking graphene 
would be formed in a graphite structure. The graphene folding can occur in any direction, and it can be 
expected that the mechanical properties of folding graphenes are very different from stacking. Therefore, 
in this study, we apply a novel quantitative nano-mechanical AFM, breaking through the limitation and 
performance of traditional AFM, to analyze the reduced-graphene oxide (r-GO) with entire force curve 
for each scanning pixels. Thus, the quantitative mechanical properties including deformation, elastic 
modulus and adhesion could be independently measured. 
2. Experiment
2.1. Material preparation of reduced-graphene oxide 
Graphene nanosheet (GNS) derived from SFG44 synthetic graphite powders (TIMCAL) were 
synthesized by the modified Hummers’ method [7] described in detail as follows: 8g graphite powder and 
4g NaNO3 were put into 560 ml concentrated H2SO4 solution with stirring for 2 hours. Then 24g KMnO4 
was gradually added into the flask with ice bath for 2 hours. The mixture was diluted by 800ml de-ionized 
water (DI water). After that, 5% H2O2 was added into the solution until the color of the mixture changed 
to brown, indicating fully oxidized graphite was obtained. The as-obtained graphite oxide slurry was re-
dispersed in DI water. Then, the mixture was washed by 0.1M HCl solution to remove SO42- ions. Finally, 
the product was washed with DI water to remove the residual acid until the pH was reached to ~7. The 
reduction of graphite oxide (r-GO) was carried out by using hydrazine solution under reflux at 100oC for 
24 hours. By cleaning with DI water and filtrating, the r-GO solution was obtained for future analysis. 
Several essential steps are shown in figure 1 which has been introduced into solution-based processes 
for the fabrication of r-GO. As a result, the r-GO sheets were deposited on a certain substrate to observe 
the mapping of deformation, modulus and adhesion of r-GO by means of quantitative nano-mechanical 
system. 
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Fig. 1. Flowchart of graphene-synthesis process via chemical reactions. 
2.2. Quantitative nano-mechanical atomic force microscopy 
In this study, the inspection of quantitative nano-mechanical properties of r-GO were investigated by 
using a commercial SPM instrument (Bruker, Multimode) which is named PeakForce-QNM (Quantitative 
nano-mechanical) [8, 9]. The principle of PeakForce-QNM is to vibrate the probe in 2 kHz, and fulfill 
with entire force curve for each scanning pixels. Thus, the mechanical properties of r-GO could be 
independently measured. Figure 2 demonstrates what happens (The history of tip motion) when the 
periodically modulated probe interacts with the surface in PeakForce-QNM system. The blue line 
represents the measured force on probe during the approach of the tip to the sample, while the purple part 
represents the force while the tip moves away from the sample. The time from point A to point E is about 
0.5 ms. There is little or no force on the tip when it is far from the surface (point A). As the tip 
approaches the surface, the cantilever is pulled down toward the surface by attractive forces (usually van 
der Waals, electrostatics, or capillary forces) as represented by the negative force (below the horizontal 
axis). At point B, the attractive forces overcome the cantilever stiffness and the tip is pulled to the surface. 
The tip then stays on the surface and the repulsive force increases until the Z position of the modulation 
reaches its bottom-most position at point C. This is where the peak force occurs. The peak force (force at 
point C) during the interaction period is kept constant by the system feedback. The probe then starts to 
withdraw and the force decreases until it reaches a minimum at point D. The adhesion is given by the 
force at this point. The point where the tip comes off the surface is called the pull-off point. This often 
coincides with the minimum force. Once the tip has come off the surface, only long range forces affect 
the tip, so the force is very small or zero when the tip-sample separation is at its maximum (point E). 
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Fig. 2. Principle of PF-QNM operation force vs time representation. Unlike in tapping mode where the amplitude signal is used for 
the feedback, the system integrates the maximum peak force value. 
 
Figure 3 illustrates how common mechanical properties, including elastic modulus, adhesion, 
deformation, dissipation, are extracted from calibrated force-separation curves. Analysis of the force 
curves with other models is possible by capturing raw data with the “High-Speed Data Capture” function. 
High-speed data capture provides about 64,000 raw force curves that can be captured at any time during 
scanning and can later be correlated with the analyzed data in the image. 
 
Fig. 3. Calculation of the different peak force channels. The peak force not shown here is the step height between the base line and 
the turn around point maximum extension point on the y axis. Since such a force curve is recorded for each pixel of the image, the 
resolution of all images is the same as for the topographic channel. (512 × 512 in average). 
 3. Results and Discussion 
In this study, we apply a novel quantitative technology which is named PeakForce quantitative nano-
mechanical (PF-QNM) to analyze the reduced-graphene oxide (r-GO) with entire force curve for each 
scanning pixel. Therefore, PF-QNM allows different mapping properties such us material deformation, 
elastic modulus, adhesion, dissipation to be independently measured, and increasing the whole scanning 
speed simultaneously. 
The r-GO samples fabricated by Hummers’ method were transferred to Si substrates with 300 nm SiO2 
and 6 nm AuPd capped layer (AuPd/SiO2/Si substrate) which make r-GO to be visible [10]. It can 
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determine the r-GO sample position and layer thickness by the optical microscopy from PF-QNM system 
accurately.  
The scanning results further indicates that the region 1 and 2 demonstrate the resembling thickness in 
topographic image which is shown in Fig. 4(a). The cross-section images of region 1 and 2 marked with 
dot line (figure 4(b) and 4(c)) from topography showing the value of r-GO thickness in region 1 and 2 are 
5.025 nm and 6.707 nm respectively. The thickness of r-GO next to the region 1 is 2.83 nm, which stand 
for the layer number of r-GO probably in 3~5. According to the value of r-GO height, we could not know 
that the phenomenon of region 1 and 2 are stacking and folding respectively and it still has not enough 
evidence.  
 
Fig. 4. (a). Topography (1.5μm × 1.5μm) image of r-GO is scanned by PF-QNM, the specific region 1 and 2 are marked with dot 
line. (b). Cross-section line profile of topography in region 1 whose vertical distance is 5.052 nm. (c). and 6.707 nm in region 2. 
The deformation image which is shown in Fig. 5(a) shows the different deformation phenomena 
between region 1 and 2. The cross-section images of region 1 and 2 marked with dot line (Fig. 5(b) and 
5(c)) from deformation image showing the deformation value of r-GO in region 1 and 2 are 0.499 nm and 
1.148 nm respectively which appears that the deformation status on region 2 is larger than region 1, it 
appears that the region 2 is easier to deform, therefore, we could identify the geometry of region 1 and 2 
are stacking and folding respectively.  
 
Fig. 5. (a). Deformation mapping (1.5μm × 1.5μm) from topography image with PF-QNM, the specific region 1 and 2 are marked 
with dot line. (b). Cross-section line profile of deformation in region 1 whose deformation value is 0.499 nm. (c). and 1.148 nm in 
region 2. 
In this study, we used the Derjaguin-Muller-Toporov (DMT) model to obtain the elastic modulus of r-
GO. DMT model is a model for hard and stiff materials with low adhesive forces and small tip radius that 
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properly describes the tip–sample interaction [11]. As a result, we called it DMT modulus. In this model, 
the tip-sample interaction in the elastic limit is expressed as follows: 
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where H, R, d, EٜGand a0 are the Hamakar constant, tip radius, transient distance between tip and sample 
surface, effective elastic modulus and inter-planar distance of graphite respectively [12]. A negative value 
implies an attractive force, whereas a positive value represents a repulsive force. The effective elastic 
modulus (Eٜ) in equation (1) is defined as:  
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where ӵt and ӵs denote the Poisson ratio of the tip and sample. Et and Es are the elastic modulus of the 
tip and sample. Fitting the Force-Distance (F-D) curve using equation (1) gives the Hamakar constant, 
therefore, we use the derived constant and parameter to bring into the equation (2). As a result, we could 
derive elastic modulus (Es) of the r-GO from DMT model. The corresponding elastic modulus mapping 
image which is shown in figure 6(a) shows the different value of modulus between region 1 and 2. The 
cross-section images of region 1 and 2 marked with dot line (Fig. 6(b) and 6(c)) from elastic modulus 
image showing the value of modulus in region 2 is lower than region 1. Therefore, it indicates the region 
2 is softer than region 1. We could determine that the region 1 of r-GO is stacking and the other region is 
folding. Region 2 displays a soft phenomenon, it present soft feature. As a result, it could be a folded 
characteristic of r-GO. Consequently, the elastic modulus mapping approved again that the phenomenon 
of region 1 and 2 are stacking and folding respectively. 
 
Fig. 6. (a). DMT modulus mapping (1.5μm × 1.5μm) from topography image with PF-QNM, the specific region 1 and 2 are marked 
with dot line. (b). Cross-section line profile of DMT modulus mapping in region 1. (c). and in region 2. 
The adhesion force mapping is shown in Fig. 7(a), in which the cross-section images of region 1 and 2 
marked with dot line (Fig. 7(b) and 7(c)) from adhesion image. Due to the same materials and the folding 
and stacking of r-GO have no differentiation from the mapping, it indicates that variation of adhesion 
force between r-GO and silicon tip are not apparently. However, the adhesion force in r-Go is larger than 
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substrate, which indicates the r-GO region is more sticky than substrate. It could be used to recognize the 
substrate and r-GO effectively.  
 
Fig. 7. (a). Adhesion mapping (1.5μm × 1.5μm) from topography image with PF-QNM, the specific region 1 and 2 are marked with 
dot line. (b). Cross-section line profile of adhesion in region 1 and (c). in region 2. 
4. Conclusions 
The atomic force microscope has long been recognized as a useful tool for measuring mechanical 
properties of materials. However, it has been impossible to achieve truly quantitative material property 
mapping with the resolution and convenience. In this study, we apply a novel quantitative nano-
mechanical AFM named PeakForce-QNM to analyze the mechanical properties of r-GO. From the results, 
we could distinguish the quantitative mechanical information of r-GO easily. In fact, this novel method 
breakthroughs the traditional AFM which is difficult to measure surface mechanical properties and gets 
the mechanical images quickly. It will be very useful for the inspection of graphene material and the 
research of soft materials. 
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